light focusing capability and numerical aperture (NA) values (< 0.40). 25, 26 Therefore, it is challenging to produce high-resolution images from microscopic objects. Ink-jet printed MLAs (NA:< 0.50) were also reported. 27, 28 This approach required high-cost setups and polymer-coated substrates. Recently, MLAs (NA: < 0.56) were fabricated with laser ion-beam patterning and direct laser ablation. 1, 29 Laser ablation based holographic laser interference lithography has been used to efficiently produce a surface-relief MLA. 30 This approach is fast, eliminates complex and tedious pre-/posttreatment of samples, is cost-effective, and does not require high technical expertise. 14, 31 Direct laser interference lithography (DLIL) is based on in-line or off-line laser interference techniques, and does not require masks for the 2/3D surface pattering. 32 DLIL based pattering is mainly based on UV, femtosecond (fs) and nanosecond (ns) laser ablation techniques to create submicron nanophotonic structures. [33] [34] [35] [36] [37] Surface pattering based on fs-laser involves short pulse duration to ablate a wide range of materials, where thermal conduction can be neglected (direct solid to plasma state). 38 Laser ablation based on ns-laser patterning allows printing holographic devices, offering low cost and less production complexity. 31 Single beam, or multibeam laser light has been utilized to produce interference patterns to ablate 2D/3D nanopatterns. 30, 32, [39] [40] [41] [42] Laser ablation can be utilized to form nanophotonic devices in ink, gold, polymers, or functionalized substrates. 35, [42] [43] [44] [45] The patterned geometries depend on the laser properties (ablation energy, laser wavelength, spot size), and structural parameters (distance, height, and recording angle). 31, 35 However, multibeam interference require precise exposure angles to create complex nanostructures. 39 Here, 3D stacked rings in a hexagonal arrangement were produced through multibeam interference based holography and copies were imprinted through roll-to-roll processing over 4 large areas of a flexible polymeric film. The patterned photonic nanostructures focused light and acted as SMLA. The optical focusing property of the SMLA was experimentally characterized and computational modeling was performed to understand their optical properties. The SMLA showed efficient bidirectional focusing property and maximum NA of ~0.60. The performance of the SMLA was analyzed through varying its structural parameters (step width, height, and number of steps). Far-field experiments showed focused multiorder diffraction patterns in a hexagonal configuration. Angle-resolved light intensity measurements were also performed through 3D rotation stages. The projection experiments with monochromatic (red, green, and blue) and broadband light illumination through text and holograms showed multiple images at the far field which verified that sample acted as a MLA. The uniformity of the surface roughness and truncated nanosteps ensured high quality and brightness of the focused images.
RESULTS AND DISCUSSION
SMLA Fabrication and Optical Parameters. The fabrication of the SMLA consisted of subsequent photoresist patterning stages. 32 Positive photoresist (diazonaphthoquinone) was spincoated over a glass substrate (1.0 mm) at 100 rpm for 2 min and baked at 80 °C for 1 h (Figure 1a(i) ). The nanostep surface patterning over the positive photoresist (thickness ~ 1.2 μm, n=1.65) was performed with (a) multilayer exposure (prism coupling) and (b) opening exposure steps. During prism coupling, the circular stepped holographic multilayer nanostep patterns were created with interference lithography in photoresist. A triangular prism (gadolinium gallium garnet) was placed over the glass substrate and an index matching liquid (xylene, n= ~1.50, 1 mL) was deposited between them. An argon-ion laser beam (λ=458 nm, 100 mW, Ø=14 cm) was illuminated (exposure angle 50°, duration ~ 1 min) over the prism-coupled photoresist layer.
Therefore, multilayer interference patterns in the photoresist were created due to total internal 5 reflection effect within the prism-photoresist-air interface (Figure 1a (ii)). Second opening exposure stage was used to create hexagonally arranged nanostep patterns. Three azimuthal beams (120°) were interfered over the photoresist for 1 min. 22, 46 The structural block diagram of the three-beam laser exposure system was also shown in Supporting Information ( Figure S1 ).
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The laser beam (λ=458 nm, 100 mW, Ø=14 cm) passes through a variable beam splitter, BS1
(2/3:1/3). The BS1 divides the input beam in two paths (P): two-third light passes through P1 and finally through BS2 (1/3:1/3). The remaining one-third light passes through P2 through a series of mirror setups. The BS2 divide input light into two equal parts and pass through P3 and P4.
Therefore, P2, P3, and P4 carry one-third of input laser light and pass through the pinhole of the spatial filters and lenses (FL). The light through P2 and P3 passes through optical phase-shift (PS) to provide three azimuthal beams (120°) laser interference onto the target material (photoresist sample). Therefore, lateral and horizontal interference patterns in hexagonal arrangements were created in the photoresist layer (Figure 1a of the pyramids (Figure 1c-d) . The SEM image of the sample cross section had a lens radius, r 6 ~1.8 μm and 14 steps (Figure 1e ). However, top 7-8 steps had heights of ~200 nm) and widths of ~250 nm. The distance/pitch of lenses was ~2.5 μm (Figure 1f ). The fabricated microlens size depended on the nanostep radius (r) and height (h), which were used to estimate lens parameters based on geometry and theory: the radius of curvature (R), focal length (f), f-number (f # ), and numerical aperture (NA) using the following relations: 10, 14, 20 R= (h 2 + r 2 )/2h, f=R/(n -1), f # = f/2r, and NA= D/2f (1) where D is the lens diameter (2r), n is the refractive index of the lens material, and h < r . For the fabricated SMLA, we had h=1.0 μm, D= 3.6 μm, n=1.49 for AP, and n=1.57 for PET, respectively. Therefore, estimated lens parameters were R=1.78 μm, f = 3.1 μm, f # =0.87, and NA=0.6, respectively. The focal length (f) of the fabricated SMLA was measured through optical microscopy (Supporting Information, Figure S2 ). The f-number indicates the light gathering capability of the MLA, where the lower the value the higher the capability to gather the light.
Moreover, NA also shows the light gathering capability and resolving fine specimen detail at a fixed distance. 29 Hexagonal diffraction patterns were also observed for the monochromatic light beams. The diffraction distances from the center spot increased as the wavelength increased. Therefore, longer distances of the hexagonal diffraction patterns were observed for the red light illumination and blue laser showed shorter diffraction spots, obeying Bragg's law (Λ= λ/2sinϴ, where Λ is the grating spacing, λ is the wavelength, and ϴ is the tilt angle from the surface plane). Each hexagonal diffraction spot showed 2D square patterns at longer distances (D2=7.5 cm). This may be due to 2D periodic variation of nanosteps and widths. Each of the stepped pyramid circles focuses light at the center, and at a glance the whole sample acts as a diffractive MLA. Focused diffraction spots were in hexagonal arrangement. This is due to the hexagonal arrangement of stepped circular pyramid lens concavities during device fabrication. Furthermore, far-field diffractions patterns were also observed on the hemi-spherical surface for red, green, blue light illumination. Hexagonal diffraction patterns of the focused light were observed at short distances (D2=1.5 cm).
The focused diffraction property of SMLAs was computationally modeled. A Therefore, the diffracted focused light in a hexagonal arrangement for the red light showed maximum radii as compared with blue light. Green and blue beams resulted in light diffraction up to three and four orders, respectively. Similarly, increased diffraction orders were also found at shorter wavelengths in the simulated model, agreeing with the experimental results ( Figure   5b ). The diffraction efficiency (DE), which was the ratio between diffracted (P diff. ) and incident (P inc. ) lights, was calculated for the red, green, and blue beams (Figure 5i ). 31 The maximum DE was found with green laser (70%) and red laser showed minimum DE (30%).
The optical focusing property of the SMLA was tested with an optical microscope arrangement (Figure 6a ). The microscope was in transmission mode and the SMLA was placed in a sample holder stage. The broadband light illuminated the sample from the backside of a glass slide. An objective lens (×20, NA = 0.40) of the microscope system was placed on the 11 opposite side of the light source. A CCD camera was used to capture the microscopic images.
The sample stage was moved along the z-axis to measure the focal point, f = 3 μm (z=0), which was in agreement with the simulated diffraction model. The focal point was measured from the distance between the completely unfocused (+/-z) upper point and lower focus point (z=0) (Supporting Information Fig. S2 ). 21 Transmission intensity of the SMLA was measured for the broadband light illumination (Figure 6b ). (Figure 1b-c) . Therefore, the SMLA on flexible AP-PET substrate is suitable for the high-resolution portable imaging applications. Finally, photographic developer was used to etch the photoresist. To produce multiple copies of the stepped pyramids, a nickel master hologram was used. Multiple copies of the samples were created through roll-to-roll nanoimprinting process from the nickel master hologram. UV nanolithography was used to print stepped circular pyramids onto AP (2 μm) over a PET substrate (100 μm).
CONCLUSIONS
Optical characterization. Optical properties of the SMLA were characterized with a spectrophotometer (resolution ~0.1-100 nm FWHM) and a broadband light source (450-1100 nm) purchased from Ocean Optics. Monochromatic red (635 nm, 4.5 mW, Ø11 mm), green (532 nm, 4.5 mW, Ø11 mm), and blue (492nm, 2.6 mW, Ø11 mm) lasers were purchased from Thorlabs. A computerized stepper motor based 2D X-Y stage (Thorlabs) was used to measure power intensity 180° rotation (step size 1°). Far-field measurements were performed with an image screen (white A4 paper) and a hemispherical surface (semitransparent white, Ø30 cm).
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